We present crustal strain and deformation models for the Sichuan-Yunnan region based on high-precision GPS measurements from 1998 -2004 using the total least squares method (TLSM). Coordinate errors as well as GPS velocity errors recorded at GPS stations are considered, but only the latter errors are considered using the conventional least squares method (LSM). In addition, the spatial pattern of a given strain field is also likely to be heterogeneous. We investigate two models with a spatially variable strain, the least squares heterogeneous strain model (LS-HSM) and the total least squares heterogeneous strain model (TLS-HSM). Our result shows that estimated strain field parameters are more precise using the TLS-HSM than those by LS-HSM because the fitting to the data is improved, hence the TLS-HSM is preferred. The principal dilation strain rate, principal contraction strain rate, maximum shearing strain rate and surface dilation rate estimated by TLS-HSM in the northwestern Sichuan-Yunnan sub-block are 13.2526 ± 1.2624, -10.8001 ± 2.9826, 24.0527 ± 3.2381, and 2.4525 ± 3.2393 × 10 -9 yr -1 (with a confidence probability of 95%), respectively, while those in the southeastern Sichuan-Yunnan subblock are 18.8651 ± 1.8353, -12.0875 ± 1.3926, 30.9525 ± 2.2971 and 6.7776 ± 2.3105 × 10 -9 yr -1 (and exhibiting similar probabilities), respectively. The results indicate that the sub-blocks play a key role in continental tectonic deformation in the Sichuan-Yunnan region, and that small errors in site coordinates can have a significant impact on strain estimates, especially where sites are close together.
InTRoDucTIon
The Sichuan-Yunnan region is located in the southeast borderland of the Tibetan Plateau and is characterized by a complex geological structure (Fig. 1) . The structure is adjacent to the stable south China block to the east, and spans most of Sichuan and Yunnan provinces. There have been many, widely-distributed, shallow hypocenter and great-magnitude earthquakes in the area. For example, the 12 May 2008 Wenchuan M w 7.9 earthquake occurred along the Longmenshan fault zone. Determination of crustal deformation and its stress and strain characteristics using geodetic data is a very effective method for investigating the regularity of crustal movement, determining earthquake potential and provides direct evidence via quantitative analysis of characteristics within the geophysical meaning of crustal movement. Recently, there have been many studies using GPS observation data to obtain crustal horizontal displacements and strain characteristics about the SichuanYunnan region (e.g., Lü et al. 2003; Shen et al. 2005; Gan et al. 2007; Xu et al. 2007; Wang et al. 2008) . Although the crustal deformation models employed in these studies were not exactly the same, all used the least squares method (LSM) wherein only errors of GPS velocities were considered and not the coordinates of GPS stations. Just as importantly GPS site coordinates reveal actual errors of less than centimeters. A typical 3-D weighted root-meansquare (WRMS) misfit after transformation is 4 -6 mm for recent GPS sites solutions, while the post transformation 3-D WRMS residuals were usually ~15 mm for 1993 and Terr. Atmos. Ocean. Sci., Vol. 22, No. 2, 133-147, April 2011 20 mm for 1992 (Freymueller et al. 2008 ). Segall and Davis (1997) thought that individual GPS measurements across regional scales had accuracies of 2 -5 mm for horizontal components and were a factor of 3 worse for vertical components; Dietrich et al. (2001) obtained a combined solution with an accuracy of 1 cm for the horizontal plane and 2 cm for the vertical coordinate components within ITRF96; Larson et al. (2007) improved the standard deviations to 3.0 and 2.6 mm for the north and east components of the high-rate GPS, respectively. Although the errors of GPS site coordinates are not very large, they can have a real impact on the estimations of strain rate. Sometimes, the distribution of GPS sites is heterogeneous, and two GPS sites may be too close to each other. If so, the rows of the coefficient matrix may be related, and small errors in the coefficient matrix may cause large errors in the estimation. Because the coefficient matrix of the strain rate model is comprised of coordinates, we should consider possible errors in coordinate assignment in the coefficient matrix. These errors can be taken into account using the estimator of the total least squares (TLS), which has been widely investigated (e.g., Golub and van Loan 1980; van Huffel and Vandewalle 1991; Schaffrin 2006; Schaffrin and Wieser 2008; Markovsky and van Huffel 2007; Zhou and Lu 2008; Wang et al. 2010) .
In this study, high-precision GPS velocities data and a linear heterogeneous strain and rotation model based on Xu and Wen (2007) . The studied region is depicted in the inset map. I: the Maerkang block; II1: the north-western Sichuan sub-block; II2: the central Yunnan sub-block; III1: the Baoshan sub-block; III2: the Jinggu sub-block; III3: the Mengla sub-block; IV: the Qiangtang block; V: the southern China block. 1: the southern segment of Red River Fault; 2: the northern segment of Red River Fault; 3: the Xiaojiang Fault; 4: the Tengchong-Jinghong Fault; 5: the northern segment of Xianshuihe Fault; 6: the southern segment of Xianshuihe Fault; 7: the Anninghe Fault; 8: the Zemuhe Fault; 9: the Lijiang Fault; 10: the Jinshajiang Fault; 11: the Longmenshan Fault. The lines denote the trace of the fault segments. The triangles denote the GPS survey stations. total least squares heterogeneous strain model (TLS-HSM) are used to investigate the strain features and deformation patterns in the Sichuan-Yunnan region.
InveRSIon MoDeLS of BLock STRAIn PARAMeTeRS

uniform Strain Model (uSM)
If the observed motion of a small array is approximated by an average strain rate within the array plus a rigid movement of the array as a whole, the approximation in two dimensions in spherical coordinates would be as follows (Savage et al. 2001; Xu and Wen 2007) . 
where ( vn , ve ) are the velocities at observed GPS stations; ( V n , V e ) are the velocities at the centroid of the array; Tm and T{ are the angular distances from the centroid; e f o , n f o and en c o are the tensor strain rate components, and ~ is the rotation rate about the local vertical (positive direction is clockwise as viewed from above). If the unknowns V n , V e , e f o , n f o , en c o and ~ are inverted using least squares, this model is termed the least squares uniform strain model (LS-USM).
Heterogeneous Strain Model (HSM)
Block motion is regarded as a linear strain and rotation rather than a rigid motion in our study. In a block, using a Gaussian projection, the latitude and longitude coordinates of GPS stations are transferred to Gaussian plane rectangular coordinates. The coordinate transformation is computed for each block, individually, using the center longitude of each block. North is the upward positive direction of the x axis; the east is the positive, horizontal direction of the y axis. Here, (x, y) denotes the Gaussian plane coordinates of a station. The station velocity is divided into v n (along a northerly direction) and v e (along an easterly direction).
From the elastic block motion equations, the strain rate can be written following Li et al. 2007 and Hao et al. 2009 
where (v n , v e ) are the north and east components of velocity; (x, y) represent the coordinates of the station in a Gaussian plane; n f , e f and en f denote a S-N, E-W direction strain rate, respectively and between an E-W and S-N direction shear strain rate tensor. Accordingly, s represents the rotation rate which is negative when rotation is clockwise as viewed from above. The contractive strain rate is negative and the dilatation strain rate is positive.
In the heterogeneous model, if we assume the strain rate tensor n f , e f and en f , and rotation rate s are a linear function of the coordinates (x, y) following Li et al. (2007) and Hao et al. (2009) 
where 
where
The model is named as the heterogeneous strain model (HSM), and because the strain tensor is coordinate-dependent as shown by Eq. (3), and it can describe strain features that vary in the different parts of the block. When the Eq. (4) is inverted using estimator of least squares, this model is termed least squares heterogeneous strain model (LS-HSM). 
Then, the Eq. (5) can be written as 
where L is the observation vector affected by the random error vector e; and, the coefficient matrix B 2 is affected by the random error matrix EB 2 :
, , e e e vec E Q e e 0 0
where vec EB 2 h is a column vector of EB 2 ; "vec" denotes the operator that stacks one row of a matrix rearwards of the previous one, and then transposes it to obtain a column vec-
h is the cofactor matrix of e and eB 2 . Backtracking slightly, from Eq. (7), we can obtain
In the calculation, we first estimate the strain rate parameters by least squares method without considering all the errors in the coefficient matrix. Then we use the LS result as the initial value for the TLS inversion; namely, 2 0 X becomes the approximate value of 2 X based upon the least squares estimation from LS-HSM. Because both the TLS correction 2 X t and EB 2 t of the coefficient matrix B 2 are very small, we can ignore the quadratic term EB 2 2 X t , and then postulate e e E e E B B 2 2 0 2 2 
If we obtain a cofactor matrix
according to the cofactor propagation law and Eq. (10), we can furthermore obtain
=^h. According to the total least squares criterion, which can consider the errors of observation and coefficient matrix at the same time. 
Because e e T t t is very small and can be ignored, in this condition, from Eqs. (9) and (11) we can obtain
The symbol X t represents the parameters estimated from the TLS method with regard to the consideration of errors regarding coordinate displacement observations (GPS velocities) and the coefficient matrix. According to Eq. (3), we can determine all strain rate parameters. The model of Eq. (5) using the total least squares method (TLSM) is termed the total least squares heterogeneous strain model (TLS-HSM). The unit weight variance estimation formula is Q e e e m 2 12
After obtaining n f , e f and en f , and rotation rate s , we can gain other parameters, such as the maximum shear strain rate max c o , the area strain rate D o , the contraction strain rate 1 f o and the dilatation strain rate 2 f o , and so on (Xu et al. 2006) .
An InveRSIon of BLock STRAIn RATeS In
THe SIcHuAn-YunnAn ReGIon
Geological Setting
Based upon the concept of "active blocks" and spatial distribution of recorded earthquakes with surface ruptures as well as major and subordinate active faults, the SichuanYunnan region can be divided into four first-order blocks (Xu et al. 2003; Xu and Wen 2007) . They are the Maerkang block (I), the Sichuan-Yunnan rhombic block (II), the Baoshan-Pu'er block (III), and the Mizhina-Ximeng block (IV). Cut by sub-ordinate NE-trending active faults, the Sichuan-Yunnan rhombic block (II) can be further divided into two sub-blocks: the north-western Sichuan sub-block (II1) and central Yunnan sub-block (II2). The BaoshanPu'er block (III) can be further divided into three subblocks: the Baoshan sub-block (III1), the Jinggu sub-block (III2), and the Mengla sub-block (III3). Among all faults on the boundaries of those sub-blocks, the XianshuiheXiaojiang fault system is the most active (Wang et al. 1998 ). The entire fault system is about 1200 km long and a few hundred meters wide in most places, except across the mid and southern parts of the Xiaojiang fault where it splits into multiple branches spanning a range of 20 -30 km (Shen et al. 2005) .
Crustal deformation due to India-Eurasian collision is intense in this region, and many large earthquakes have occurred here. 14 M > 7.0 earthquakes were recorded historically since 814, including an event of M = 8.0 in 1833 (Zhang et al. 2001) , with a maximum focal depth of ~20 km (Tang et al. 1993 ). The 12 May 2008 Wenchuan earthquake occurred along the Longmen Shan fault zone, which is predominantly a convergent zone with a dextral component, separating the Sichuan basin from the eastern margin of the Tibetan plateau (Burchfiel et al. 2008) . The seismic moment released during the Wenchuan earthquake mainshock was measured at 7.6 × 10 20 Nm by the United States Geological Survey, corresponding to M w 7.9 (USGS 2008).
GPS velocities
GPS data for the Sichuan-Yunnan region used in our paper are from Shen et al. (2005) , and were previously used by Xu and Wen (2007) (Shen et al. 2005) . All survey mode sites were observed continuously for at least 4 days during each session. The velocity solution is referred to the Eurasian plate (Fig. 2) , with the uncertainties of 2 mm yr -1 for their east and north.
Inversion Results
We first estimate the strain rate parameters of HSM by the least squares method without considering all the errors Fig. 2 . The fitted velocity field from the heterogeneous strain rate model based on TLS (TLS-HSM). The red arrow denotes the observed velocity, and the green denotes the fitted velocity. GPS velocity field is with respect to the Eurasian plate.
in the coefficient matrix. Then we use the LS-HSM result as the initial value for the TLS inversion, getting the K matrix in Eq. (10). Using 249 high-precision GPS horizontal velocities we estimate the motion parameters and strain rate parameters of 8 blocks (sub-blocks). The estimated block parameters for the Sichuan-Yunnan region in Eq. (3) are shown in Table 1 . Furthermore, we can obtain other strain rate parameters, such as the surface dilatation rate, maximum shear strain rate, principal strain rates, principal direction and two shear components. The main strain rate parameters of each block in the block center are documented in Table 2 . The fitted velocity field from the TLS-HSM is shown in the Fig. 2 . The strain rates inferred from the TLS-HSM for a discrete 0.5° × 0.5° grid are shown in Fig. 3 . Diagrams of the discrete grid point maximum shear strain rate and areal strain rate (dilatation) from the TLS-HSM are shown in Figs. 4 and 5, respectively. The strain rates and rotation inferred from the TLS-HSM for the block center are shown in Figs. 6 and 7, respectively. The differences of block motion and strain parameters between the least squares uniform strain (rate) model (LS-USM) (Xu and Wen 2007) and TLS-HSM are shown in Fig. 8 . If the difference ('+') is positive, it denotes that the component of velocity and the strain rate parameters in the LS-USM is larger than that in the TLS-HSM. If the difference ('o') is positive, it denotes that the component of the mean square velocity and strain rate parameter error in the LS-USM is larger than that in the TLS-HSM. As shown in Fig. 8 , except for the velocity of the Jinggu sub-block, all the velocities and the strain rate parameters of the blocks obtained from TLS-HSM have a higher accuracy than that from the LS-USM. We can see that TLS-HSM is more suitable for the crustal motion and deformation in the region than LS-USM.
DIScuSSIon
Strain Rates from TLS-HSM
The strain rates of the 8 blocks (sub-blocks) are documented in Table 2 and Figs. 3 through 9. The TLS-HSM is a heterogeneous strain model, which can describe strain features in different parts of a block.
In the Maerkang block, the surface dilatation rate in the block center from TLS-HSM is smaller than that from LS-USM. Near the northern segment of the Xianshuihe Fault, the principal strain rate is larger than the other part (Fig. 3) . The maximum shear strain rate is small (Fig. 4) . The rotation strain rate is clockwise (Fig. 7) . The block extends in a W-E direction with compression in a N-S direction, and extends in a NE-SW direction with compression in a NW-SE direction. The principal dilatation strain rate, principal contraction strain rate, maximum shearing strain rate and surface dilation rate in the north-western Sichuan subblock center are 13.2526 ± 1.2624, -10.8001 ± 2.9826, 24.0527 ± 3.2381, 2.4525 ± 3.2393 × 10 -9 yr -1 (with a 95% confidence probability), respectively. The block extends in a W-E direction with contraction in a N-S direction, and extends in a NE-SW direction with contraction in a NW-SE direction. The surface dilatation rate is a small positive value (Fig. 5) , so the block deforms without changing the area very much. The rotation of the block is clockwise (Fig. 7) .
The principal dilatation strain rate and the principal contraction strain rate of the central Yunnan sub-block in the west are larger than in the eastern part (Fig. 3) . The maximum shear strain rate of the eastern part is larger than the western part (Fig. 4) . The surface dilatation rate is a small positive value, but there is an unusually large positive value in the part where the Anninghe Fault and the Zemuhe Fault converge (Fig. 5) . The rotation of the block is clockwise (Fig. 7) . The block extends in the N-S direction with contraction in a W-E direction, and extends in a NE-SW direction with contraction in a NW-SE direction.
The Baoshan sub-block, the Jinggu sub-block and the Mengla sub-block all extend in a N-S direction with contraction in a W-E direction, and extend in a NW-SE direction with contraction in a NE-SW direction (Figs. 4 and  6) . The detailed spatial patterns of principal strain of these three sub-blocks are: (1) the Baoshan sub-block is mainly S-N contraction; (2) the Jinggu sub-block is mainly an E-W extensional; (3) the S-N contractional principal strain and E-W extensional principal strain in the Mengla sub-block are generally equal with each other in LS-USM. There is a small abnormal part with smaller maximum shear strain rate in the Jinggu sub-block, while, a small abnormal part with larger maximum shear strain rate in the southeastern part of Mengla sub-block (Fig. 4) . The surface dilatation rate gradually becomes smaller from the Baoshan sub-block to the Mengla sub-block (Fig. 5) . The principal dilatation strain rate, the principal contraction strain rate, the maximum shearing strain rate and the area strain rate of these blocks are listed in Table 2 .
As shown in Fig. 4 , the shear strain rate in the vicinity of the Red River fault can be very high. The high shearing strain rate and area dilatation strain rate in the SichuanYunnan rhombic block and the central Yunnan sub-block indicate that the two blocks play a key role in the research of continental tectonic deformation (Figs. 4 and 5) . The northwestern Sichuan sub-block, central Yunnan sub-block, Baoshan sub-block and Qiangtang blocks are in zones with an area dilatation strain rate. The Maerkang sub-block, Jinggu sub-block, Mengla sub-block and south China block are in zones with an area contraction strain rate (Fig. 5) . In LS-USM, the Jinggu sub-block and Mengla sub-block are in zones with an area dilatation strain rate and the Baoshan sub-block is in a zone with an area contraction strain rate.
Because of the heterogeneous distribution of GPS velocity data, the results around the edge of studied area are less certain. From the maximum shear strain rate (Fig. 4) , the southern segment of the Longmenshan Fault is in a higher maximum shear strain rate area compared with the surrounding area. From the area strain rate (Fig. 5) , the southern segment of the Longmenshan Fault is in a negative area strain rate area (areal contraction), while the domain around the Xianshuihe fault is in a positive area strain rate area (areal dilatation). Therefore, the gradient of an area strain rate is very large, and may be related to thrust earthquakes. The 12 May 2008 Wenchuan M w 7.9 earthquake occurred along the Longmen Shan fault zone, so there may be some relationship for the earthquake with area strain rate and maximum shear strain rate, Meng et al. (2008) also obtained the same results. Effective strain rates reach 30 -34 × 10 -8 yr -1 near the southeastern section of the Xianshuihe fault and close to the southern end of the Anninghe fault. Along most of the Longmenshan fault, effective strain rates are less than Fig. 3 . The strain rates inferred from the TLS-HSM for a discrete 0.5° × 0.5° grid.
10
-7 yr -1 . The epicenter of the recent M s 8.0 earthquake appears at a domain of effective strain rates between 10 -8 and 10 -7 yr -1 , with relatively higher strain rate gradients . We also find in our results, like Vergnolle et al. (2007) and Meng et al. (2008) , that there is also a domain of localized strain rates around the Xianshuihe fault (Figs. 4  and 5 ), but our domain is not very clear.
By comparing Fig. 4 with the earthquake focal mechanisms from the Harvard CMT catalog, 1976 (Shen et al. 2005 ; Fig. 2) , we can see that in the Red River Fault area the maximum shear strain rate from the TLS-HSM is higher and has experienced many earthquakes here. While, the deformation along the southern segment of the Red River fault does not appear to be significant at present (Shen et al. 2005) , in the Red River Fault area, the strain rates inferred from the TLS-HSM are also very high.
Due to the India-Eurasian collision along a N-NE trend and eastward reduction of geopoential energy in the Tibetan Plateau as well as obstructing of the rigid southern China block to its east, the mass in this south-eastern borderland flows in a clockwise manner around the so-called Eastern Himalayan Syntaxis (EHS) . In these blocks (or sub-blocks) such as Qiangtang block, Maerkang block, north-western Sichuan sub-block, central Yunnan sub-block and Baoshan sub-block, the dilation strain rate is predominated, which is consistent with the point that mass flow in this region extensionally spreads (e.g., Gan et al. 2007 ).
Block Motion from TLS-HSM
Using the inversion results from TLS-HSM, we modeled the GPS velocity field (Fig. 2) . The modeled velocity data is consistent with the observed velocity data. With respect to the Eurasia plate, Qiangtang block, north-western Sichuan sub-block, central Yunnan sub-block, Baoshan sub-block, Jinggu sub-block and Mengla show clockwise sub-block rotations. Figure 9 shows the model velocity field at the centroid of each block (or sub-block) from the TLS-HSM estimator. With respect to the Eurasian plate, the Maerkang block moves in the direction of N 105.6 ± 1.7°E at a rate of 9.9 ± 0.4 mm yr -1 (with a 95% confidence probability); the north-western Sichuan sub-block moves in the direction of N 141.5 ± 1.4°E at a rate of 17.5 ± 0.6 mm yr -1 (with a 95% confidence probability); the central Yunnan sub-block moves in the direction of N 151.3 ± 1.1°E at a rate of 14.3 ± 0.4 mm yr -1 (with a 95% confidence probability); the Baoshan sub-block moves in the direction of N 189.8 ± 2.8°E at a rate of 10.4 ± 0.7 mm yr -1 (with a 95% confidence probability); the Jinggu sub-block moves in the direction of N 186.9 ± 3.7°E at a rate of 7.8 ± 0.7 mm yr -1 with a 95% confidence probability); the Mengla subblock moves in the direction of N 170.3 ± 2.6°E at a rate of 9.3 ± 0.6 mm yr -1 (with a 95% confidence probability); the Qiangtang block moves in the direction of N 115.5 ± 0.6°E at a rate of 17.0 ± 0.3 mm yr -1 (with 95% confidence probability). The southern China block moves in the direction of N 124.5 ± 1.6°E at a rate of 8.4 ± 0.3 mm yr -1 (with a 95% confidence probability) with respect to the Eurasia plate, which is also consistent with less than 10 mm yr -1 derived from 'the continuous deformation' hypothesis (England and Houseman 1986; Houseman and England 1993; Molnar et al. 1993; England and Molnar 1997) . Movement of each of the blocks (or sub-blocks) calculated by TLS-HSM are different from those estimated by LS-USM. For example, the Mengla sub-block rotates clockwise with estimator based upon the TLS-HSM estimator and rotates counterclockwise based upon the LS-USM estimator. Each of the rotations of the other blocks (or sub-blocks) behaves in the same manner as that of the Mengla sub-block.
comparisons between TLS-HSM and LS-HSM
Before the inversion of the Sichuan-Yunnan region, we conducted synthetic examples to test the importance of the TLS estimator. The results from TLS considering the error of coefficient matrix are more near to the true value than LS. The difference between LS results and the true value are larger. The relative error for the LS estimation is between 0.55% and 10.21%, while the relative error for the TLS estimation is between 0.52% and 9.61%. The difference of precision between LS and TLS is not very large. We can see that the errors in coordinates occur at the millimeter level (e.g., 3.16 mm) and can cause some changes in the strain rates.
Generally, strain rate parameters estimated by TLS-HSM are more precise than those estimated by LS-HSM for most blocks (or sub-blocks) (Table 3) . For the Maerkang block, north-western Sichuan sub-block, Baoshan subblock, Jinggu sub-block, Qiangtang block and southern China block, their posterior mean square errors of unit weight estimated by LS-HSM are smaller than those estimated by TLS-HSM. However, there are two sub-blocks, the central Yunnan sub-block and the Mengla sub-block for which parameters estimated by TLS are less precise than those estimated by LS. The key point of using TLS method is the cofactor matrix in Eq. (14). It is the difference between LS method and TLS method. So the distribution and number of GPS stations are very important to the determination of crustal strain parameters. When the coefficient matrix has full rank and all rows of the augmented matrix made of observations and coefficient matrix are independently and identically distributed with zero mean and identity matrix of covariance: for TLS, the sum of squared perpendicular distances from each column of the augmented matrix to its estimated space is minimized, and each column of the augmented matrix is approximated by its orthogonal projection onto that subspace; while for LS, the solution is obtained by projecting observation vector orthogonally onto the space of the coefficient matrix. That is the reason why TLS gives a better fit. It is easily showed that the TLS correction is always smaller in the norm than the LS correction (van Huffel and Vandewalle 1991) . When the TLS is weighted, the fit may be affected by the weight. The difference between posterior estimates mean square error of unit weight obtained from LS-HSM and TLS-HSM for the blocks are shown in Table 3 and Fig. 10 .
concLuSIonS
In this paper, the elastic block motion is regarded as a block motion with linear strain and rotation rather than the pure rigid motion. Unlike LS-USM (Savage et al. 2001 (Savage et al. , 2004 Gan et al. 2007; Xu and Wen 2007) , which can only describe the strain feature in the whole block without being able to explore the details of the block, the spatial pattern of strain field is considered to be linearly coordinate-dependent
(g) Fig. 8 . Difference of block motion and strain rate parameters between LS-USM (Xu et al. 2007 ) and TLS-HSM. From Figs. 8a to g, the solid line denotes the differences of components of velocity, the rotation rate about the local vertical (negative direction is clockwise), the surface dilatation rate, the maximum shear strain rate, and the principal strain rates; the '+' denotes the differences. From Figs. 8a to g, the dashed line denotes the mean square error differences of components of velocity, the rotation rate about the local vertical (negative direction is clockwise), the surface dilatation rate, the maximum shear strain rate, and the principal strain rates; the 'o' denotes the mean square error differences. The numbers from 1 to 8 in horizontal axis indicate individual blocks such as the Maerkang block, north-western Sichuan sub-block, central Yunnan sub-block Baoshan sub-block, Jinggu sub-block, Mengla sub-block, Qiangtang block and southern China block.
and thus it is heterogeneous in our TLS-HSM which can describe a strain feature in a different part of the block. Using 249 high-precision GPS horizontal velocities and the TLS-HSM, we obtain the strain features of the Sichuan-Yunnan region. The results in this paper have higher accuracy than that in LS-USM, although the same data are used. Therefore, TLS-HSM is preferred to delineate crustal motion and deformation in this region compared with LS-USM. Small errors in site coordinates can have a significant impact on strain estimates, especially where sites are located close together. The principal dilation strain rate, principal contraction strain rate, maximum shearing strain rate and surface dilation rate estimated by TLS-HSM in northwestern Sichuan- Fig. 9 . The motion of blocks inferred from the heterogeneous strain rate model based on TLS (TLS-HSM). The motion is with respect to the Eurasian plate. The error ellipses represent a 95% confidence ellipse. Yunnan sub-block are 13.2526 ± 1.2624, -10.8001 ± 2.9826, 24.0527 ± 3.2381, 2.4525 ± 3.2393 × 10 -9 yr -1 (with a 95% confidence probability), respectively. Those in the southeastern Sichuan-Yunnan sub-block are 18.8651 ± 1.8353, -12.0875 ± 1.3926, 30.9525 ± 2.2971 and 6.7776 ± 2.3105 × 10 -9 yr -1 (with a 95% confidence probability), respectively. The motion velocity of the north-western Sichuan sub-block is 17.5 ± 0.6 mm yr -1 (with a 95% confidence probability) and is the highest in the Sichuan-Yunnan region. The motion velocity of the central Yunnan sub-block also demonstrates a very high rate of 14.3 ± 0.4 mm yr -1 (with a 95% confidence probability), thus, the two sub-blocks play a key role in the research of continental tectonic deformation. Based upon strain rates and their direction (Fig. 6) , and the clockwise rotation (Fig. 7) of the Maerkang block, the north-western Sichuan sub-block, central Yunnan sub-block, Baoshan subblock, Jinggu sub-block, Mengla sub-block and Qiangtang block, we can see that our results support the hypothesis of an "eastward broaching stress of geopotential energy of the Plateau and the southeastern Plateau is extruded to eastward." The rotation of the southern China block is counterclockwise, so it obstructs eastward mass flow.
